A general model for use in interpreting dielectric data obtained with bacterial endospores is developed and applied to past results for Bacillus cereus spores and new results for Bacillus megaterium spores. The latter were also subjected to a decoating treatment to yield dormant cells with damaged outer membranes that could be germinated with lysozyme. For both spore types, core ions appeared to be completely immobilized, and decoating of B. megaterium spores did not affect this extreme state of electrostasis in the core. The cortex of B. megaterium appeared to contain a high level of mobile ions, in contrast to the cortex of B. cereus. The outer membrane-coat complex of B. megaterium acted dielectrically as an insulating layer around the cortex, so that native dormant spores showed a Maxwell-Wagner dispersion over the frequency range from about 1 to 20 MHz. The decoating treatment resulted in a shift in the dispersion to frequencies below the range of observation. Increases in cell conductivity in response to increases in environmental ionic strength indicated that the coats of B. megaterium could be penetrated by environmental ions and that they had an inherent fixed charge concentration of about 10 to 20 milliequivalents per liter. In contrast, the dispersion for B. cereus spores was very sensitive to changes in environmental ion concentration, and it appeared that some 40% of the spore volume could be penetrated by environmental ions and that these ions traversed a dielectrically effective layer, either the exosporium or the outer membrane. It appears that dormancy is associated with extreme electrostasis of core ions but not necessarily of ions in enveloping structures and that the coat-outer membrane complex is dielectrically effective but not required for maintenance of extreme electrostasis in the core.
A general model for use in interpreting dielectric data obtained with bacterial endospores is developed and applied to past results for Bacillus cereus spores and new results for Bacillus megaterium spores. The latter were also subjected to a decoating treatment to yield dormant cells with damaged outer membranes that could be germinated with lysozyme. For both spore types, core ions appeared to be completely immobilized, and decoating of B. megaterium spores did not affect this extreme state of electrostasis in the core. The cortex of B. megaterium appeared to contain a high level of mobile ions, in contrast to the cortex of B. cereus. The outer membrane-coat complex of B. megaterium acted dielectrically as an insulating layer around the cortex, so that native dormant spores showed a Maxwell-Wagner dispersion over the frequency range from about 1 to 20 MHz. The decoating treatment resulted in a shift in the dispersion to frequencies below the range of observation. Increases in cell conductivity in response to increases in environmental ionic strength indicated that the coats of B. megaterium could be penetrated by environmental ions and that they had an inherent fixed charge concentration of about 10 to 20 milliequivalents per liter. In contrast, the dispersion for B. cereus spores was very sensitive to changes in environmental ion concentration, and it appeared that some 40% of the spore volume could be penetrated by environmental ions and that these ions traversed a dielectrically effective layer, either the exosporium or the outer membrane. It appears that dormancy is associated with extreme electrostasis of core ions but not necessarily of ions in enveloping structures and that the coat-outer membrane complex is dielectrically effective but not required for maintenance of extreme electrostasis in the core.
Bacterial endospores are noted for their extreme degrees of resistance and dormancy. In a previous study (5) we found by means of dielectric measurements that Bacillus cereus endospores also show an extreme degree of ionic stasis that involves not only the ions in the core but those in the enveloping layers as well. Activation, germination, and outgrowth all resulted in increased cell conductivity until the vegetative state with high mobility for small ions in the cytoplasm and cell wall was attained. It was possible to use a very simple model which ignored the effects of the various cell layers to reach the conclusion that dormant B. cereus spores have highly immobilized ions simply because spore conductivities at all frequencies were extremely low. Recent increasing interest in the roles of enveloping structures in spore resistance has led us to expand our dielectric model of the spore and to obtain data for spores other than those of B. cereus.
One of the most intriguing aspects of bacterial endospore structure is the presence of a double membrane that results from the process of engulfment. The enveloping structures of the mature, dormant spore consist of the spore coats, an inverted outer membrane, an intermembrane cortex composed of peptidoglycan, and an inner membrane surrounding the spore core or protoplast. Both the outer and the inner membrane appear to be enzymatically active; the outer membrane is relatively enriched in neutral lipids and poor in phospholipids (9) . Some spores, including those of B. cereus, also have a chemically complex exosporium external to the coats.
It is comparatively straightforward to express the effective, homogeneous dielectric properties of a cell with a double membrane in terms of known dielectric properties of the component parts (10) . The reverse problem of determining the properties of the components of the cell with the double membrane from dielectric measure-ments can be solved only in special cases, such as that of the B. cereus spore which in the dormant state is characterized by nearly complete electrostasis. The dielectric properties of B. megaterium spores present more difficult problems. Fortunately, chemical removal of coat layers and damage to the underlying membrane results in cytologically simplified spores that remain dormant, at least for periods of many hours. The comparison of native with decoated spores of Bacillus megaterium presented here provides the information needed to establish the function of the coat-outer membrane complex in the dielectric behavior of spores. We have also undertaken the formulation of a general dielectric model for bacterial spores that is used to interpret past data for B. cereus spores and new data for B. megaterium spores. The model should prove useful also in future studies.
MATERIALS AND METHODS Spore preparations. B. megaterium ATCC 19213
was grown in the defined medium described by Slepecky and Foster (17) at 30°C with agitation-aeration. Spores were harvested after autolysis of the vegetative cell contaminants. The final preparation consisted only of refractile spores as judged by phase-contrast microscopy. Spore coats were removed by the procedures described by Aronson and Horn (1, 2), which involve soaking the spores in a solution of 50 mM dithiothreitol and 0.8% (wt/vol) sodium lauryl sulfate at 370C and pH 10.3 for 90 min. The solubilized coats could be precipitated in the form of lamellar structures simply by dialyzing away the dithiothreitol and sodium lauryl sulfate. The effectiveness of the decoating procedure was indicated by essentially 100% germination of the spores after addition of lysozyme (10 ,lg/ml).
Lysozyme addition to untreated spores resulted in no germination. After washing to remove detergent, the coatless spores remained stable and refractile for at least 48 h before they began to germinate spontaneously. All assays were carried out within 24 h before any of the spores had germinated.
Analytical methods. Dielectric techniques also have been described in detail previously (5 somewhat greater than those of B. cereus but still smaller than the conductivities of many vegetative bacteria as shown in Table 1 by as much as an order of magnitude.
Changes in dielectric properties of B. megaterium spores resulting from decoating. The decoating process damages the outer membrane sufficiently to render it permeable to lysozyme. The most dramatic change in the dielectric properties of the spores resulting from the decoating procedure is that the low-frequency dispersion is essentially eliminated (Fig.   3 ). A summary of the conductivity and dielectric constant data for native and coatless B. megaterium spores and comparisons with B. cereus are presented in Tables 2 and 3 .
Germination of decoated spores with lysozyme (10 ,Lg/ml) resulted in increased cell conductivity and shifts in the relaxation frequency to higher values ( Fig. 4 (4, 5, 7, 8, 10, 12, 16) . A summary appropriate to the data presented here follows.
Let us synthesize the spore, layer by layer, and develop the needed dielectric model one step at a time. We can consider that the cytoplasm of the core is a homogeneous, dispersion- (3) where a is the real conductivity, j = v-1, 4 is the angular frequency, Eo = 8.854 x 10-12 F/m is the permittivity of free space, and K is the relative dielectric constant. Next to be added is the cortex. This porous, thick shell of peptidoglycan provides, in addition to a series impedance, a shunt pathway around the inner membrane (Fig. 5c ). The effective, homogeneous conductivity of this composite structure can now be computed by use of equation 2, if we use the dielectric properties of the cortex for the complex conductivity of the outer shell and the previously computed values of the membrane-covered sphere for the complex conductivity of the inner compartment.
This process can be repeated as we add the outer membrane (Fig. 5d) , which gives another series admittance, and again with the coat layer (Fig. 5e) , which envelopes the organism in the same way dielectrically that the cortex envelopes the membrane-covered core. Where appropriate, the model could be extended to include an exosporium. This structure has been found to where eo is the electronic charge, a is the radius of the cell, 8 is a measure of the mobile surface ion density, Eo is the permittivity of free space, k is Boltzman's constant, T is the absolute temperature, and fo is the relaxation frequency for the process, which is given by the relation, fo = ukT/1ra2 (5) where u is the mobility of the counterion. For particles the size of spores, the relaxation frequency would be expected to fall within the range of 1,000 to 10,000 Hz. Low-frequency limits for the effective, homogeneous dielectric constant depend on the fixed charge concentration in the material at the surface of the cell. For bacteria, these values have been observed to be greater than 104 (8) . Even though the magnitude of this contribution decreases with increasing frequency, this mechanism can make a significant contribution to the total dielectric constant near the low-frequency end of our range of observation.
The effective, homogeneous dielectric constant and conductivity of the composite sphere at each stage of increasing complexity of the models in Fig. 5 is shown qualitatively in Fig. 6 . The core alone is assumed to be dispersionless (Fig. 6a) . The addition of an insulating membrane (Fig. 6b) reduces the effective conductivity of the sphere to zero at low frequencies. At higher frequencies, however, the capacitative reactance of the membrane becomes negligible, and the current can flow through the cell as though no barrier were present. Thus, at high frequencies, the effective, homogeneous conductivity of the membrane-covered sphere is essentially equal to that of the core material. Simi- larly, the effective, homogenous dielectric constant of the membrane-covered sphere is essentially equal to that of the core at high frequencies. However, the presence of a membrane around a conducting core results in a large, effective, homogeneous dielectric constant at low frequencies. The transition between low and high frequency in this context occurs at that frequency fr at which the reactance of the membrane is approximately equal to the resistance J. BACTrERIOL. 140, 1979 924 CARSTENSEN ET AL. fl-relaxation (15) . Adding a thick, porous cortex (Fig. 6c) does not affect the relaxation frequency or result in a large change in the effective dielectric constant. The high-frequency conductivity becomes a weighted average of the core and the cortex. The shunt conduction path provided by the cortex prevents the low-frequency effective conductivity from going to zero. The relaxation process involves the transition between a low frequency conductivity determined by the properties of the cortex and the high-frequency conductivity, which is an average of all of the conducting materials in the cell. Addition of the insulating outer membrane (Fig. 6d) would result in dielectric behavior that would not be distinguishable externally from that of the sphere with a single membrane. The low-frequency, effective, homogeneous dielectric constant might be a bit larger and the relaxation frequency might be different from that of the sphere with the single membrane, but dielectric measurements of cell suspensions would not provide sufficient information to identify each of the components in the general case. The outer coats, like the cortex, would have little effect except to provide a shunt path around the outer membrane and hence yield a nonzero low-frequency limit (Fig. 6e) for the effective, homogeneous conductivity of the complete multishelled sphere. The outer layer of counterions would have an insignificant effect on conductivity, but potentially could have a large effect on the lowfrequency dielectric constant (Fig. 6f) . If an exosporium were present and acted as a dielectrically effective membrane, the dielectric data would look very much like the illustration in Fig.   6d .
We can consider the effects of ionic strength on the mechanisms just described. The counterion relaxation depends only on the fixed charge concentration in the material at the surface of the cell. It is affected by environmental ionic strength only insofar as this factor can modify the dissociation of the charged groups at the cell surface. Increasing the concentration of ions in one of the compartments enclosed by a membrane not only increases the conductivity of the compartment and the average high-frequency conductivity of the whole cell but also raises the relaxation frequency at which the dielectric properties of the cell become independent of the insulation of the enveloping membrane. We are concerned here primarily with the dielectric importance of the outer membrane of the bacterial spore. The effectiveness of the membrane as an insulating barrier is measured by its conductance. If only a small fraction of an otherwise intact membrane were missing, its dielectric effect would vanish. Of course, the membrane conductance need not be due to physical holes in the structure; it simply requires some path for the rapid transit of ions.
Application of the model to B. cereus spores. Before discussing new data, it is useful to apply the model to dielectric data obtained previously (5) for B. cereus spores (Fig. 7) . In the dormant state, this organism is characterized by a remarkable degree of electrostasis. Despite high levels of potentially ionizable groups in these spores, the total conductivity of the cell at 50 MHz is only about 0.03 mho/m, which corresponds to an apparent intracellular concentration of only about 2 permeability studies (14) Although previous interpretations of permeability and dielectric data (5, 14) have viewed the penetrated structures as the coat-outer membrane-cortex complex, the exosporium cannot be ruled out as the dielectrically effective membrane. Spore dimensions in electron micrographs (1, 18) mobile ions are held within the membrane either as counterions for fixed charges within the region or by the permeability of the membrane.
The nonzero, low-frequency conductivity values show that some of the mobile ions associated with native, B. megaterium spores are located outside of any dielectrically effective membrane. Presumably, they are associated with the coats.
Outer membrane. The dielectric data for native spores alone would not preclude the possibility that the observed dispersion was in fact caused by the plasma membrane surrounding a conducting core, as is true for vegetative S. faecalis. This possibility, however, was substantially reduced by the results of the measurements with coatless spores. The absence of dispersion in the low-frequency end of our range of observation after removal of the coat and the consequent removal or severe damage of the outer membrane are consistent with the postulate that the outer membrane is dielectrically effective and that the mobile ions responsible for the observed dispersion in native spores are in the cortex and not in the core.
Inner membrane. This conclusion would become invalid if the decoating process simultaneously destroyed both the outer and the plasma membranes. That the plasma membrane is biologically effective is shown by the fact that coatless spores are able to germinate and form colonies.
More direct support for the dielectrical effectiveness of the plasma membrane of the coatless spores is the observation that dielectric dispersion is seen (Fig. 4) Table 2 to obtain estimates of the conductivities of the cortex and coat and of the space occupied by core, cortex, and coat. At 50 MHz, the membranes are ineffective dielectrically, and it is reasonable to assume that coats and cortex of B. megaterium spores have conductivities roughly the same as that of the environment when a, = 0.5 mho/m. Under these circumstances, the dormant spore is essentially a two-phase system-a nonconducting core with a volume fraction p and an outer shell (coats plus cortex) with volume fraction (1 -p) and conductivity of 0.5 mho/m. Using ai = 0 mho/m and the value from Table  2 of a2 = 0.27 mho/m in equation 2, we find that the volume fraction occupied by the core is 0.36 and that occupied by the cortex-coat complex is 0.64.
At 1 MHZ, the cortex is shielded by the insulating outer membrane, and the .cell again becomes a two-compartment system-a nonconducting core-cortex and an outer coat. When the environmental conductivity is 0.5 mho/m, it is reasonable to assume that the coat conductivity is approximately the same. Again using equation 2 with ai = 0 and a2 = 0.17 mho/m from Table  2 , we calculate a value of 0.56 for the volume fraction occupied by the core-cortex and 0.44 for the coat volume fraction. The volume fraction of the cortex alone should then be 0.20. With these volume and conductivity assumptions, the effective, homogeneous conductivity of the corecortex combination is 0.17 mho/m. This value, together with a radius of 0.4 iLm for the cortex in equation 6, yields a relaxation frequency of 6.8 MHz, which is consistent with the observed dispersion data in Fig. 4 . At each step in this analysis, the assumptions are reasonable, but the aim is to obtain only very approximate estimates of compartment properties. There is no intention to imply two-figure significance in the values above.
At low environmental conductivities, the effective, homogeneous conductivities of the spores are determined by the mobile ions held either as counterions for fixed charges or by impermeable membranes. With values of ai = 0 mho/m, p = 0.56, and a2 = 0.06 mho/m from If we apply a similar analysis to the data for coatless spores, we find that the cortex occupies nearly 70% of the volume of the coatless spore and has an inherent conductivity due to counterions for fixed charges of 0.13 mho/m. It is not unreasonable to think that the cortex might expand as a result of the decoating procedure, but we have no independent evidence that this occurs. The finding that the density of coatless spores is greater than that of native spores suggests that the opposite occurs.
A radically different interpretation of the dielectric data should at least be considered. Perhaps there are no dielectrically important membranes in the native spore, and the dispersion at the low-frequency end of our range of observation is due to ion cloud phenomena. The insensitivity of the dispersion to environmental conductivity would be consistent with such a mechanism. The arguments against it are indirect ones. The relaxation frequency for such a process from equation 5 would be far below 1 MHz, and one would anticipate that the contribution to the dielectric constant would have a l/f2 dependence on frequency in our range of observation. This is not the case. The magnitude of the ion cloud relaxation would depend on the concentration of fixed charges in the outer regions of the cell. The inherent effective conductivities of native and coatless spores are comparable in magnitude. Yet, there is a dramatic decrease in the dielectric constant on removal of the outer membrane, which would not be expected on the basis of an interpretation of the data based on a surface ion cloud. In dormant B. cereus, the ion cloud phenomenon can be ruled out because of its very low inherent fixedcharge concentration. The observed dielectric dispersion for B. cereus is clearly dependent upon the presence of a membrane, although at the present time it is not possible to establish with certainty whether the important structure is the outer membrane or the exosporium.
In summary, dielectric studies provide us with a model of the native, dormant spore of B. megaterium with a core in which essentially all of the ions are tightly bound and immobile. The plasma membrane surrounding the core is presumably a good electrical insulator, but because the conductivity of the core is small it is dielectrically indistinguishable from the core in the dormant state and only begins to affect the dispersion when germination occurs and the core ions become more mobile. The cortex of B. megaterium contains a high concentration of mobile ions independent of environmental ionic strength. It is surrounded by a thin insulating outer membrane. The coat is permeable to ions from the environment, and, in addition, has a fixed charge concentration of the order of 10 to 20 milliequivalents per liter with a corresponding number of mobile counterions.
The high mobility of ions in the outer compartments of B. megaterium is in sharp contrast to the extreme degree of electrostasis for all parts of B. cereus. However, both organisms appear to have two dielectrically effective membranes, and, perhaps most significantly, both organisms have essentially all of the core ions tightly bound when they are in the dormant state.
